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We have developed InGaP/GaAsSb/GaAs double-heterojunction bipolar transistors (DHBTs) with
low turn-on voltage and high current gain by using a narrow energy bandgap GaAsSb layer as the
base and an InGaP layer as the emitter. The current transport mechanism is examined by measuring
both of the terminal currents in forward and reverse mode. The results show that the dominant
current transport mechanism in the InGaP/GaAsSb/GaAs DHBTs is the transport of carriers across
the base layer. This finding suggests that the bandgap offset produced by incorporating Sb
composition into GaAs mainly appears on the valence band and the conduction-band offset in
InGaP/GaAsSb heterojunction is very small. © 2004 American Institute of Physics.
[DOI: 10.1063/1.1808891]GaAs-based heterojunction bipolar transistors (HBTs)
have been widely used for power amplifiers in wireless and
high-speed digital applications. However, GaAs-based HBTs
have a relatively large base-emitter turn-on voltage due to
the large bandgap of GaAs used as the base layer, and this
limits the minimum operating voltage and increases the
power consumption in circuit applications. In addition, both
AlGaAs/GaAs and semi-ordered InGaP/GaAs HBTs suffer
from current gain degradation at elevated temperature be-
cause of a low valence-band offset DEv,
1,2
reducing power
capacity. Therefore, it is important to develop material com-
bination HBTs with low turn-on voltage and thermal stabil-
ity. The material combination HBTs should meet following
requirements: (1) the base layer should use lower energy
bandgap materials to reduce the turn-on voltage; (2) the
emitter-base (EB) junction should have a large valence-band
offset DEv and a small conduction-band offset DEc; (3) the
conduction-band discontinuity DEc in the base-collector
(BC) junction should be very small such that no collector
current blocking effect occurs. Recently, several groups have
demonstrated the potential of using narrow energy bandgap
InGaAsN material in the base layer to reduce the turn-on
voltage.3–6 However, InGaAsN material typically displays
degraded minority carrier properties compared with GaAs,
leading to the reduction of dc current gain and high fre-
quency performance. Although these unfavorable character-
istics can be suppressed by the insertion of graded layers
between the base and collector junction,4 this complicates the
transistor design and fabrication.
Another attractive narrow bandgap base material is
GaAsSb, which has been successfully used in InP-based
HBTs by Bolognesi et al.7,8 In comparison with a lattice-
matched GaAs base, the smaller band gap of GaAsSb can
reduce the turn-on voltage, thus the power dissipation in cir-
cuits. Moreover, the band lineup at the GaAsSb/GaAs inter-
face is inferred to be a staggered (“type II”) lineup,9 that
would eliminate the current blocking. Although GaAs-based
HBTs with GaAsSb base layers have been reported,10–12 only
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grown emitter-base junction was either an
AlGaAs/GaAsSb10,11 or a GaAs/GaAsSb heterojunction,12
and the devices showed either poor current gains10,11 or large
base recombination current with a base current ideality factor
of 2.12 Recently, we have demonstrated a material combina-
tion, i.e., InGaP/GaAsSb/GaAs double-heterojunction bipo-
lar transistors (DHBTs) with low turn-on voltage.13,14 For the
InGaP/GaAsSb/GaAs DHBTs, an interesting issue is whether
or not the InGaP/GaAsSb EB junction and the GaAsSb/
GaAsSb/GaAs BC junction confine carrier transport. In this
letter, we study the current transport mechanism in the
InGaP/GaAsSb/GaAs DHBTs.
The InGaP/GaAsSb/GaAs DHBT structure was grown
on a semi-insulating (100) GaAs substrate by metalorganic
chemical vapor disposition. Trimethylgallium, trimethylin-
dium, trimethylantimony, tertiarybutyphosphine, and tertia-
rybutylarsine were used as the organometallic sources. Car-
bon and silicon were used as p- and n-type dopants,
respectively. The device structure consists of a
500 nm n.331018 cm−3 GaAs subcollector, a 500 nm n
=531016 cm−3 GaAs collector, a 50 nm p=831018 cm−3
GaAsSb base (Sb composition: 10.4%), a 50 nm n=3
31017 cm−3 InGaP emitter, a 150 nm n=431018 cm−3
GaAs layer, a 50 nm n.131019 cm−3 compositionally
graded InxGaAs1−xcap layer sx=0–0.5d, and a 50 nm n.1
31019 cm−3, In0.5GaAs0.5 cap ohmic contact layer. The Sb
composition was confirmed by high-resolution x-ray diffrac-
tion measurement. The surface morphology was observed by
atomic force microscope and no crosshatched patterns asso-
ciated with misfit dislocations were observed. This suggests
that the GaAsSb base layer is fully strained. The structure
was fabricated into devices using optical lithography and
chemical wet selective etching for mesa definition.
Figure 1 shows the dependence of current gain on the
collector current for a large area device of 1003100 mm2.
The inset in Fig. 1 shows the common-emitter I–V character-
istics of the device. The device demonstrates excellent dc
performance. The offset voltage is 0.21 V and the breakdown
voltage BVCEO is about 6 V. It should be noticed that there is
still a current gain more than unity even at a collector current
© 2004 American Institute of Physics
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discontinuity and the lower interface recombination at the
InGaP/GaAsSb interface. A maximum dc current gain b of
207 has been obtained at a collector current of 95 mA. The
InGaP/GaAsSb/GaAs DHBTs display a turn-on voltage of
0.914 V at JC=1 A/cm2, which is 0.18 V lower than that of
conventional InGaP/GaAs HBTs, which usually have a
turn-on voltage of 1.1 V at the same collector current density.
In order to determine the current-transport mechanism in
the InGaP/GaAsSb/GaAs DHBTs, we have measured the ter-
minal currents of the DHBT both in the forward active mode
and in the reverse active mode. It is well known that there
are two kinds of current transport mechanisms in bipolar
transistors. The first one is the diffusion limitation mecha-
nism, i.e., the terminal current is limited by the transport of
carriers across the base layer. In this case, the terminal cur-
rent only depends on the doping profile and thickness of the
base layer, independent of the structure of the emitter-base or
the base-collector junction. Therefore, both the terminal cur-
rents in the forward active mode and in the reverse active
mode should overlap each other and have an ideality factor
of unity,15 because the base layer is the same in either opera-
tion mode. Another transport mechanism is the conduction
band barrier limitation of the emitter-base or the base-
collector heterojunction, which usually takes place in abrupt
heterojunctions.15,16 In the case of conduction-band barrier
limitation, the terminal current critically depends on the
magnitude of the conduction-band barrier. Therefore, the two
terminal currents in forward and reverse mode would be
apart from each other and have an ideality factor more than
unity.17
Figure 2(a) shows measured terminal currents of a large
area device s1003100 mm2d in both the forward active
mode, and the reverse active mode. When the device is in the
forward active mode, the conduction carriers are emitted
from the InGaP/GaAsSb EB heterojunction. In contrast,
when the device is in the reverse active mode, the conduction
carriers are emitted from the GaAsSb/GaAs BC heterojunc-
tion. Despite the operational differences in the forward active
and reverse active modes of the GaAsSb DHBT, Fig. 2(a)
demonstrates that the two terminal currents overlap each
other in a large proportion of current range. This finding
FIG. 1. Direct Current current gain b and incremental current gain hfe as a
function of collector current IC.shows that carriers emitted from either the InGaP/GaAsSb
Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AEB junction or GaAsSb/GaAs BC junction in the GaAsSb
DHBTs are limited by the transport across the base layer.
This finding is further corroborated from the ideality factors
of the terminal currents that are very close to unity. To fur-
ther verify our conclusion, we also measured the terminal
currents in a small area device of 2330 mm2, as shown in
Fig. 2(b). Figure 2(b) demonstrates again that the two termi-
nal currents are nearly identical in almost the entire current
range. It should be noticed that, the overlapping of the ter-
minal currents in Fig. 2(a) does not take place in entire cur-
rent range. This is attributed to large base and collector re-
sistances, which take a large proportion of VBC, causing the
available junction voltage, VBCj, to decrease. Since the car-
rier transport is not limited by the conduction-band barrier, it
is impossible to determine the exact magnitude of the band
offset in the emitter-base and the base-collector heterojunc-
tions from this investigation. However, it can still be inferred
that the conduction-band offsets at both InGaP/GaAsSb EB
junction and GaAsS/aAs BC heterojunction are small enough
such that the terminal currents have nearly identical charac-
teristics.
To find whether there is the collector current blocking in
the InGaP/GaAsSb/GaAs DHBTs, we measured their
common-base I–V characteristics. Figure 3 shows the
common-base I–V characteristics of a large area transistor
2
FIG. 2. Measured terminal currents of the InGaP/GaAsSb DHBTs in both
forward active mode and the reverse active mode for (a) a large area device
s1003100 mm2d and (b) a small area device s2330 mm2d.with an emitter area of 1003100 mm . At small current
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current blocking because the turn on near VCB=−1 V is
abrupt and the collector current is very nearly independent of
VCB in the turn-on region. At large current level, however,
the situation is different. As shown in Fig. 3(b), the turn on
near VCB=−1 V is no longer abrupt and the collector current
is dependent of VCB in the turn-on region. We cannot simply
regard this situation as the current blocking, because a high
base resistance also causes this phenomenon. Using the
transmission line method, the base sheet resistance and the
base contact resistance were measured as 8300 V / sq and
3.4310−3 V cm2, much higher than that of traditional GaAs
HBTs. At low current level, the voltage across the base re-
FIG. 3. Common-base I–V characteristics of InGaP/GaAsSb/GaAs DHBT
with an emitter size of 1003100 mm2; (a) at small current and (b) at large
current.sistance can be negligible and the applied voltage totally
Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to Adrops across the BC junction. At large current level, how-
ever, due to high base resistance, the large proportion of the
applied voltage would drop across the parasitic base resis-
tance, causing the available junction voltage to decrease.
Further studies by other measurement methods are needed to
clarify this point. The work is under way.
In summary, we studied the current transport mechanism
of the InGaP/GaAsSb/GaAs DHBTs by measuring both of
the terminal currents in forward and reverse mode. The re-
sults show that the dominant current transport mechanism in
the InGaP/GaAsSb/GaAs DHBTs is the transport of carriers
across the base layer. This finding suggests that the
conduction-band offset in the InGaP/GaAsSb heterojunction
is very small, and the energy band gap offset produced by
incorporating Sb composition into GaAs mainly appears on
the valence band, i.e., there is a larger valence band offset in
the InGaP/GaAsSb heterojunction compared to traditional
InGaP/GaAs heterojunction, which effectively blocks hole
back-injection current and improves the current gain.
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